Introduction
Internal membranes in eukaryotic cells are organized in many distinct membrane compartments involved in protein and lipid synthesis, sorting, recycling, etc. Communication between these compartments involves highly dynamical transport intermediates with variable shapes, spherical or tubular in general. They are membrane containers that carry selected proteins and lipids and which can form and detach from one cellular compartment and then, after transport in the cell, fuse with another precisely targeted compartment [1] . The impressive development of imaging of living cells in the past 15 years due to, in particular, the capability to use molecular biology to label-specific proteins with Green Fluorescent Proteins (GFP) and to follow their cellular localization over time has completely transformed our view of the cell [2, 3] . Although electron microscopy has long been the best tool for imaging cell subcompartments and localization of proteins with a very high resolution, very little information can be obtained with this technique on cell dynamics, in particular cellular transport. Mainly based on electron microscopy images, it was accepted that transport intermediates have more or less a spherical shape. With video-microscopy on cell expressing fluorescently labeled proteins, it became clear that dynamic tubular structures also participate to cellular traffic [4] [5] [6] [7] [8] [9] [10] . They can be either long and thin membrane tubes still connected to the original membranes or disconnected and moving in the cell or moderately Contents lists available at ScienceDirect
Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / b b a m e m extended structures called "tubulo-vesicules". The very thin tubes have a diameter below optical resolution but much longer extension and can then be detected optically. Conversely, their very polarized shape and very small lateral cross-section explain why they could not be previously detected with electron microscopy techniques, since only very thin 2D sections were used for these studies. These tubular carriers have been observed on different routes of membrane transport, not only in the secretion pathway from endoplasmic reticulum (ER) to the Golgi apparatus [4] and from the Golgi to the plasma membrane [5, 6, 11, 12] but also along the retrograde transport from Golgi to ER [7, 8] . Their number increases in the presence of some drugs (such as Brefeldin A [13] ) or due to over-expression of some proteins [14] , but their existence is now well established. The cytoskeleton is directly involved in the formation of membrane tubes, as evidenced by dual color visualization of transport intermediates and microtubules (MTs). These dynamical biological polymers MTs are essential for the traffic of vesicular transport intermediates in the cell [15] . In particular, they are involved in the formation of membrane tubes, as tubes have been usually seen to be extended along MT tracks [6] . Besides transport between different parts of the cell, dynamical membrane tube networks are also intrinsically part of the shape of organelles [16, 17] such as the ER [18, 19] , Golgi [20] or endosomes [21, 22] . Particularly, the ER consists of a highly dynamic network of membrane tubules and lamellae contiguous to the outer nuclear envelope. Following simultaneously the MTs and ER tubule dynamics, C. Waterman-Storer and E.D. Salmon showed that ER membrane tubes grow in the plus-end direction of MTs either attached to their tip in synchrony with MT polymerization dynamics, or along MTs regardless of their dynamics (Fig. 1) [23] . In the later case, it was proposed that the force required to generate membrane tubes was produced by molecular motors associated to MTs. These motors can either belong to the kinesin family and move towards the plus-end of the MTs or to the dyneins' and move in the opposite direction [24, 25] . The dynamic nature of the membrane tubes and their colocalization with the MTs suggested that motor proteins in concert with the cytoskeleton and MT-associated proteins or MT tip tracking proteins [26] are essential in the formation of these tubes. This idea was further supported by in vivo experiments in which the expression of kinesin heavy chains was suppressed [27] or MTs were depolymerized [28] . In the absence of active kinesins or MTs, the tubular structures were no longer present in cells. Other mechanisms have been proposed leading to membrane deformation, which usually involve either proteins binding to a membrane and inducing spontaneous curvature, or protein assemblies forming scaffolds on the membrane such as for coat formation (clathrin, COPI or COPII), or a biochemical transformation of the lipids of the membrane (for reviews, see for instance [29] , or [30] ). Tubule formation has been observed independently of molecular motors and MTs, when Shiga or cholera toxins bind to their lipid receptors [31] and produce a spontaneous negative curvature of the plasma membrane. In the case of ER, additional membrane proteins named "reticulons" have been identified, which probably also contribute to the tubulation of the ER [32] . The role of actin filaments in the traffic involving the Golgi apparatus has been investigated with a growing interest in the past year, as actin cytoskeleton and probably myosin motors have been shown to contribute to the formation of the membrane carriers derived from the Golgi and to the Golgi shape [33] . Eventually, bacteria, such as Salmonella for instance, can hijack MT-related motors and recruit them at the surface of vacuoles in infected cells to induce membrane tube formation in order to control the dynamics of membrane exchanges with their replication compartment [34, 35] . Studying the mechanism of membrane tube formation in vivo is a real challenge. It has been possible recently to measure the movement of exogenous molecular motors labeled with quantum dots in a cellular context [36, 37] . However, so far, it has not been possible to observe the motor distribution along membrane tubes in living systems. In the present review, we present the in vitro experiments and the theoretical models, which have been developed over the past years in order to understand the mechanisms leading to the formation of membrane tubes pulled by molecular motors. We particularly stress the microscopy experiments showing the motor distribution along these tubules.
In vitro experiments: formation of membrane tubes in cell extracts
In order to investigate the process of membrane network formation and dynamics, it is advantageous to reconstitute this phenomenon in a cell-free environment where the number of components and the complexity of the system are clearly reduced. The first in vitro experiments were done in parallel by Vale and Hotani [38] , who managed to form tubule networks using purified squid kinesin-1 preparation with minor contaminant of membranes, taxolstabilized MTs and ATP, as well as by Dabora and Sheetz [39] , who used extracts of cultured chick embryo fibroblasts. In the latter case, the tubulin necessary for MT polymerization and molecular motors necessary for tube pulling were present in the extracts. Later, Allan and Vale [40, 41] showed that ER-like membrane tube network could also be formed using Xenopus egg cytosol and rat liver membrane fractions (Fig. 2) .
The main advantages of the use of cell extracts are the following: (i) the influence of the cell cycle on tube formation can be probed using extracts from interphase, metaphase or mitotic cells [40, 42] , (ii) it is possible to block the activity of proteins of interest specifically to investigate their role in tube dynamics [43, 44] and (iii) drugs or other reactants can be used to neutralize components of the extracts, like for example apyrase (which stops the action of ATP), colchicine (which inhibits MT formation), vanadate (which inhibits molecular motor action), cytochalasin-D (which partially depolymerizes actin filaments), N-ethylmaleimide (NEM) and GTPγS (which among other effects, inhibit membrane fusion by blocking the action of small GTPases) [39, 40] . These in vitro studies provided complementary results to in vivo experiments discussed previously and brought new insights into ER-Golgi and Golgi-ER transports. In particular, the role of molecular motors, their attachment to the membrane and the regulation of their action could be probed in more details. It was then clearly established that molecular motors and microtubules play an important role in membrane tube formation. Note that membrane tube networks could also be obtained in the absence of molecular motors, as observed in [32] or [26] . In addition, one of the interesting observations obtained in these conditions with electron microscopy is the existence of a globular domain at the tip of growing tubes ( Fig.  2B-D) [41] , which might contain molecular motors. This might represent the first evidence of an accumulation of motors at the tube tip during tube growth, in agreement with later developed theoretical and experimental results (see below). However, no direct visualization of the motor position on the tubes was obtained with these experiments.
The main characteristic of in vitro experiments using cell extracts is that the conditions are close to the in vivo situation. Indeed, the whole machinery necessary for tube formation present in the cytosol is still supposed to be available in these assays. However, it is difficult to identify with such a complex protein mixture the minimal number of components that are necessary to create membrane tube networks. To overcome this problem, the next goal of in vitro experiments was to use only purified or artificial components.
In vitro experiments: minimal components for the formation of membrane tubes in buffer
Based on in vivo and in vitro experiments, it was hypothesized that the only components required to form membrane tube networks were a source of membrane, MTs, molecular motors, which can bind the membrane and ATP. In the above in vitro experiments, membrane compartments were purified from animal cells and thus contained many different proteins in addition to the lipids forming the bilayers. To mimic the role of these membrane compartments but using only lipids, model liposomes, namely Giant Unilamellar Vesicles (GUVs) [45] , were used. The main advantages of using GUVs are that it is possible to control precisely their composition and that their physical properties have been very well described in the literature [46] [47] [48] [49] . In vitro reconstitution of polymerized and taxol-stabilized MTs has been well established; tubulin -the primary constituant of MT -involved in MT polymerization is usually purified from pig or cow brains [50] . Eventually, the main MT-associated motor involved in intracellular traffic is the conventional kinesin, which has been widely described in the literature [51, 52] . Therefore, this kinesin, also named kinesin-1, has been the first choice as the "model" molecular motor. The first in vitro experiments reconstituting membrane tube networks with only purified or artificial components were performed in our group at the Curie Institute [53] . In this initial assay, biotinylated kinesin-1 motors were permanently attached to biotinylated GUVs using streptavidincoated beads. The kinesin-coated vesicles were sedimented on a taxol-stabilized MT network fixed onto a glass surface. Membrane nanotubes extracted from vesicles, which play the role of membrane reservoir, could be observed in the presence of ATP both with optical and electron microscopy [53] . These results established that kinesins, MTs and vesicles were necessary and sufficient to observe the formation of membrane tubes in the absence of any other machinery or proteins.
Once the formation of these membrane nanotubes pulled by kinesins was demonstrated, the next step was to characterize quantitatively the physical properties of their dynamics and to propose a mechanism for their formation. As mentioned previously, while the properties of the individual components in the assay, such as GUVs and kinesin-1, were already well known separately, their coupled dynamics remained to be understood. To form a membrane nanotube, a highly localized force needs to be applied on a membrane. This force could be exerted either by molecular motors or by any other force generators. The physics of tube extraction has been described by different groups [54] [55] [56] [57] (see also the review [58] ). In the case of artificial vesicles, the spontaneous curvature can be neglected, so the force f 0 necessary to pull a tube is given by f 0 = 2π(κσ) 1/2 , where κ is the membrane bending rigidity and σ the membrane tension. For typical values of κ (10-20 k B T) and σ (5.10 − 5 -10 − 4 N/m), the tube force is about 15-30 pN. The tube radius, which is also set by the balance between the bending rigidity and the surface tension, then ranges typically between 20 and 100 nm, confirming the experimental values [59] . Because the maximal force that single kinesin-1 motors can apply is about 6 pN [60] , it is clear that kinesin motors have to act collectively in order to pull membrane tubes.
To determine the mechanism of kinesin cooperation in tube extraction, it was necessary to determine the distribution of motors along the tubes in very well controlled conditions, where the physical parameters are known (including κ, σ and the motor density on the vesicle ρ ∞ ). To fulfill these criteria, motors had to be directly attached to individual lipids in the membrane as in ref. [61] (using streptavidin molecules instead of small streptavidin-coated beads) and their positions had to be fluorescently labeled for imaging, using for example lipids both fluorescently labeled and biotinylated [62] . We developed an assay taking into account these constrains (Fig. 3) , in which we could control: (i) σ with the external osmotic pressure and determined its value via an independent force measurement with optical tweezers, (ii) κ which was set by the lipid composition and (iii) ρ ∞ by controlling the concentration of biotinylated lipids. A fluorescence analysis was then conducted simultaneously. Eventually, we developed a theoretical analysis in parallel. Comparing our quantitative data and the theoretical model, we were then able to explain quantitatively the mechanisms of tube formation, tube growth and stalling of tube growth as described in more details in the next section.
Dynamics of membrane tubes
In order to produce enough force to extract a tube, motors need to act cooperatively. Due to the fluid nature of the tube, motors can only apply forces at the leading edge. As their velocity decreases when forces are applied to them (by the membrane for instance), motors that pull the tube are slower than motors along the tube and therefore dynamically accumulate at the tip. This mechanism of motor clustering, necessary for tube formation was first proposed by Koster et al. [61] and then directly observed and characterized quantitatively in our group [63] (Fig. 4) . In this latter paper, we proposed a complete model for the tube formation including the motor influxes and outfluxes at the tip of the tube, load dependence of motor detachment probability and of motor velocity and the actual geometry of the system. The different aspects of tube formation and dynamics can be described as follows:
• Conditions for membrane tube formation
The tube growth is limited concomitantly by the number of available motors on the membrane and the force they have to produce, which is directly related to the membrane tension. σ and the 
]). (E) Typical simulation showing a kymograph similar with (D). (F-I) Dynamics of long tubes, for L N L c ; tubes either stalling (F-G) or adopt an oscillating behavior (H-I). (F-G) Example of oscillations observed experimentally (F) and theoretically (G) in certain conditions. Adapted with permission from [70]. (H-I) Example of an experimental (H) and a simulated (I)
kymographs showing a tube stall. For the simulations, the effect of the tube stalling on the motor density along the tube, the force increase during tube growth was artificially imposed to take place over a length scale (∼ μm) shorter than that expected experimentally (∼ 20 μm). The tube growth was simulated with a tube force that increases linearly with the tube length at a rate of 1 pN/μm and an initial tube force of 2 pN.
other kinesin physical parameters (velocity in absence of load, off rate, on rate, stall force) are fixed in the system. Thus, there is a limited range of membrane tension σ and motor density ρ ∞ giving rise to tube growth. For a given membrane tension σ, there is a minimal motor density ρ ∞ below which no tube can be pulled. Similarly, for a given motor density, there is a maximal membrane tension above which motor proteins cannot pull tubes out of the GUVs. We calculated these thresholds theoretically, measured them ( Fig. 4C . Because the number, n B , of motors at the tube tip involved in the tube pulling (scaled by a constant Γ) depends only on ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi σ = ρ ∞ p , these two parameters (σ and ρ ∞ ) play opposite roles in tube extraction, as observed experimentally. Note that the existence of a threshold in tube extraction might be used by cells to switch on or off transport when needed, showing that intracellular traffic could also be regulated by physical mechanisms.
Close to threshold, we evaluated the minimal number of motors necessary to extract a tube (at a mean field level) to be around 5 motors for σ∼ 2.10 −4 N/m [63] . This value, which is rather small, is probably sensitive to fluctuations, which were not taken into account in the mean field theory. We performed numerical simulations [64] , based on experiments similar to those in [63] , which suggested that six (in conditions close to threshold) to nine (in conditions away from threshold) motors, distributed over three protofilaments of a MT, contribute to pull a membrane tube. The comparison between experiments and simulations also allowed for the determination of the motor organization at the tube tip and suggested that motors are not likely to step synchronously [64] . Moreover, these simulations, as well as those presented in [65] , showed that the effective stall force of a collection of motors pulling on a fluid membrane is not simply the product of the number of pulling motors times their individual stall force. When motors have frequent contact with each other, as in the tube tip, the mutual motor interactions, the motor coordination and their spatial distribution on the MT contribute to their collective behavior.
• Tube growth
The dynamical accumulation of motors at the tube tip has been observed experimentally far from threshold (for ρ ∞ = 10 ρ ∞ min ). Fig.   4D presents a typical kymograph (space-time plot) of the distribution of motors along the tube, as obtained by imaging the fluorescently labeled sites of motor attachment in the membrane. Fluorescence video-microscopy or confocal microscopy followed by image analysis can be used to record fluorescence distribution along tubes. Motors accumulate exponentially towards the tube tip, as predicted theoretically. A systematic analysis of the characteristic lengths of accumulation for different tube velocity led to the determination of the binding rate of kinesin on MT (k on = 4.7 ± 2.7 s −1 ), as it was the only unknown parameter of the system [63] . This was the first measurement of the binding rate of kinesin motors onto MTs in a geometry close to the in vivo situation; it has been used in several studies on collective behavior of kinesin motors since then [66] [67] [68] . The evolution of bound motor density upon tube growth has also been studied in simulations such as those in Campas et al. [64] . Fig. 4E shows a simulated kymograph, which can be compared to Fig. 4D . The accumulation of motors upstream from the tube tip was small and evolves slowly in time. In this case, the average density field decayed exponentially away from the tip with a decay length, depending on dynamical parameters of the motors and on the mechanical parameters of the membrane, in agreement with the mean field theory and the experiments [63] .
• Tube oscillations or tube stall At very long time scales (typically over 5 min), or for very long tubes (total length N20 μm), two different behaviors were observed.
Most of the time, tubes simply stopped growing at a finite length (Fig.  4H) , as observed in [61] . Occasionally, periodic non-linear oscillations in the tube length were observed (Fig. 4F) . These results could be explained theoretically with an extension of the theory presented in [63] . For very long tubes, the assumption that the membrane tension of the vesicle remains constant during tube formation is no longer valid. Part of the excess area of the vesicle is used to form the nanotube, leading to an increase of the membrane tension of the vesicle [69] and therefore of the force that the motors pulling the tube must exert. If the tension is too high, the incoming flux of motors reaching the tube tip is not sufficient to equilibrate with the motor detachment flux in this region, leading to a loss of stability and the subsequent tube retraction. In certain conditions, the tube relaxes suddenly to a length at which a cluster of motors with a sufficient size can be formed to pull the tube again. We developed a complete theory with a phase diagram of the different regimes (stalling or oscillating), which is presented in [70] . Fig. 4G shows sustained oscillations in tube length as obtained by numerical integration of the equations decribing the tube dynamics, which are in good qualitative agreement with our experimental observations (Fig. 4F) . Because the time scale for the switching between tube growth and retraction (set by the motor binding and unbinding from the MT) is much shorter than the time scale of tube growth, the oscillations present this sawtooth shape. The origin of oscillations relies on the interplay between collective force detachment of motors at the tube tip and the variation of the tube elastic force with its length.
The dynamics of motor accumulation at the tube tip after a tube stalling could be observed experimentally. Fig. 4H shows an example of kymograph obtained during a sudden stalling of a tube. We observed the formation of a massive traffic jam of motors, which progressively developped upstream from the tip. This result could be reproduced by numerical simulations. The resulting kymograph is presented in Fig. 4I , for large bound motor influx (ρ ∞ /N p = 100/μm 2 , where N p is the number of protofilaments). The motors accumulated upstream from the tip, in qualitative agreement with the experimental case (Fig. 4H) . Note that the density profile presenting motor traffic jams at the tube tip could also be interpreted as a shock profile as predicted in Tailleur et al. [71] .
Traffic jams of kinesins along membrane tubes
Imaging the motor dynamics along the tube during tube growth allowed us to observe an exponential motor accumulation at the tube tip, as described by the mean field theory [63] . In addition, we observed the presence of fluorescence inhomogeneities along the tube (Fig. 5A and B) , which could move either downstream (filled arrows) or upstream (empty arrows). The inhomogeneities moving upstream were created close to the tip (where the average motor density was high) when the tube growth slowed down or was stalled (like in Fig. 4H ). We interpret these density inhomogeneities as traffic jams of motors: phases of high density of motors that coexist with phases of low motor density. We believe that the inhomogeneities moving upstream correspond to retrograde motor density waves, analogous to the density waves observed in car traffic. Indeed, the equations describing the motion of molecular motors along MTs and those for vehicular traffic are essentially the same, as they are based on very general conservation laws.
The steady-state properties of motor traffic with excluded volume interactions have been addressed in several studies [72, 73] . Most of these studies focus on the effects of the boundary conditions on the steady-state density field. However, transient density inhomogeneities cannot be studied in the steady state because they are averaged out. In order to understand the motor inhomogeneities moving along the tube, we performed numerical simulations of motor traffic, including mutual motor interactions and the motor attachment/ detachment kinetics. If only excluded volume interactions between the motors are taken into account ( Fig. 5C and D) , small density inhomogeneities appear and move downstream (respectively upstream) if the average value of the bound motor density is below (respectively above) 0.5 (a motor density of 1 being the saturation density of motor on the MT). These small density inhomogeneities, known as kinematic waves, are constantly created and destroyed by fluctuations and never lead to major differences of density values around the average density. The typical size of motor jams is small (∼10 sites) and their lifetime is short, on the time scale of motor detachment. This time scale is rather small compared to the time scale of the jams observed experimentally (Fig. 5A ) (up to a few minutes). Our simulations suggest that the motor density inhomogeneities observed experimentally cannot be understood with only excluded volume interactions between motors. One possibility to improve the description of moving traffic jams would be to take into account the contact interactions between motors, beyond excluded volume as was done in [68] (cooperative binding and detachment), but the results are beyond the scope of this review.
Conclusions and perspectives
We have summarized here different papers addressing the issue of membrane tube extrusion by molecular motors. Using minimal systems consisting of GUV, kinesins and MTs, it was possible to unambiguously demonstrate that molecular motors are able to pull membrane tubes, without the aid of other proteins. Fluorescence video-microscopy and image analysis combined with theoretical modeling have been essential tools for showing the existence of dynamical motor clusters at the origin of the tube formation. These clusters are essentially dynamic and have a physical origin resulting from the interlaced properties of molecular motors and of the lipid membrane. A non-trivial collective behavior of the motors has been predicted. Phase diagrams have been calculated showing that tube formation should depend on both the membrane tension and the motor density on the membrane, in agreement with in vitro assays. More generally, consequences of dynamic motor clustering have been investigated not only at the tube tip, but also along membrane tubes.
Nevertheless, other types of tube growth regulation have not been considered in this review, for instance where kinesins are bound to the membrane via very stable bounds formed between biotin and streptavidin. Although very convenient, biotinylated lipids being commercially available and easily incorporated in the membranes, this binding system between motors and membrane could be improved to be closer to that in living systems. Indeed, many different linkers and membrane receptors have been identified in cells for binding kinesins to their specific cargos (for a review, see [74] ), and the kinesin conformation itself could be involved in motor regulation in the membrane [75] . In the existing models, it is considered that the lifetime of the membrane-motor bond is infinite. However, if motors can detach from the membrane during tube extrusion, the entire dynamics could be affected. This more complex and also more realistic situation should be investigated in the future using biological linkers and receptors for the motors. Similar effects are expected if the motor activity is not constant but modulated by external elements. In addition, studies to date have only used truncated versions of kinesin motors, containing only the motor domain and a very small fraction of the heavy chains and no light chains. A more realistic situation would be to use the full-length protein with a capacity for binding to cargos.
Motors with opposite directionalities are often simultaneously present on organelles [17, 76, 77] . Complex dynamics is expected for the organelle movement in the presence of competing motors [78] [79] [80] with tug-of-war behavior [67, 81] . No in vitro experiment has been reported so far having both plus-end and minus-end processive motors pulling concomitantly on a membrane, probably because using dynein in vitro is a difficult task. 1 An alternative situation has been considered where non-processive motors Ncd, moving to the minus end of the MT, are bound to a GUV [82] . Interestingly, these nonprocessive motors are capable of pulling tubes and a rich collection of situations has been observed with growth, retraction and bidirectional movements. It has been proposed that, in contrast to processive motors that cluster at the tip of the tube, Ncd should statistically form clusters along the tube: in fact, Ncd bound to the MT can be considered as stationary compared to freely diffusing motors in the tube membrane and local concentration fluctuations should appear. It would be very interesting to use fluorescent motors and different Ncd concentrations to further test this hypothesis. Eventually, as actin and myosins can play an important role in the shape of cell compartments [83] , reconstituting in vitro both cytoskeleton systems and their associated motors with GUV should be the next step in understanding shaping of organelles and membrane trafficking. Membrane nanotubes can also be considered as useful tools for the in vitro investigation of the role of membrane curvature in membrane trafficking [49] . The same system where tubes are pulled by motors has been used for studying curvature-induced lipid sorting [59] , the dissociation of the COPI coat [84] or membrane fission induced by dynamin [85] . This system is perfectly suited for imaging tubes and associated proteins using TIRF or confocal microscopy. Similar tubular systems [59] have also been used to study tube destabilization induced by lipid domains and the fission [86] , resulting from the pinching caused by inter-domain line tension. However, as the curvature is not precisely controlled, this type of assay is not adapted for quantitative experiments. In this perspective, new types of setup have been developed where a micropipette holding the GUV controls the membrane tension [87] , and where the tube is pulled by binding a bead either trapped in an optical tweezers or hold by a micropipette to the GUV membrane and moving them apart. The radius of the tube is then fixed by the pipette aspiration and can be deduced from the measurement of the force on the tube [56] . The dependence of lipid or protein sorting as a function of membrane curvature has been studied recently [88, 89] and quantitative data could be directly compared to a physical model [88] . The same approach has been used to study the effect of tube diameter on the assembly of a dynamin helix [90] or the binding of proteins related to coat assembly/disassembly [84] . This type of approach is very promising and should eventually allow quantitative measurements pertaining to the highly debated issue of the relation between membrane curvature and protein binding or membrane protein sorting.
Although in vitro experiments have provided valuable information about the underlying mechanisms of tubule extraction, a direct comparison with in vivo measurements is now necessary. However, imaging kinesins or other motors pulling tubes or contributing to cargo transport in living cells is still an unsolved issue for technical reasons. Over-expression of proteins linked to motors obviously perturbs tube formation. Labeling of endogenous kinesins or dyneins with GFP could have the same consequences. Trafficking of some kinesin motors moving to the extremity of MTs has been measured [91, 92] but never so far connected to a membrane tube. Nevertheless, such experiment would be very valuable as motor distribution along tubes could be observed and the clustering mechanism tested in vivo. Targeting of motors to specific membrane domains or specific lipids and the consequence for traffic regulation could also be studied. Spatial and time resolution might also be too limited to detect protein clustering. New and very promising optical techniques with high spatial resolution have advanced in the past few years [93] [94] [95] [96] . Kinesin trajectories in cells were thus recently obtained with a 100-nm resolution at 11 Hz with Structured Illumination Microscopy in TIRF mode [97] . We are probably at the beginning of a new era and we can hope to be able soon to measure quantitatively protein distributions both in space and in time in living cells.
